Studies concerned with the mechanisms responsible for relative resistance or susceptibility of strains of inbred mice to Trypanosoma musculi infections are presented. Treatment with 400 rads of ionizing radiation, silica dust, or trypan blue (reticuloendothelial blocking agents) rendered C3H mice unable to control the initial maximum level of parasite growth, and the mice died of overwhelming infections. In contrast, similarly treated C57BL/6 (relatively resistant) mice controlled initial trypanosome growth as well as controls; however, the duration of infection, preceding eventual cure, was approximately doubled. Combined treatment with trypan blue and 400 rads of radiation resulted in much higher initial levels of infection in C57BL/6 mice, and about half of the mice died; the remaining mice eventually recovered after a prolonged course of infection. These results indicate that a nonimmunological mechanism, which controls initial infection, and an immunological mechanism cooperate to limit T. musculi infections in normal mice. We present results that suggest that both mechanisms are less effective in C3H than in C57BL/6 mice. The initial control of infection presumably reflects the activity of some type(s) of phagocytic effector cell; we show, however, that the initial control of infection is not an attribute of the liver Kupffer cells. Identification and characterization of the cells capable of controlling initial infection could lead to procedures for enhancing their function and, thus, to enhanced resistance to, and elimination of, trypanosome infections.
Strains of inbred mice vary significantly in relative resistance (or, alternatively, susceptibility) to infections with parasites (1, 34, 38) . That is true of resistance based on either nonimmunological ("natural resistance") or immunological processes. Resistance or susceptibility may be evaluated by either the length of survival of infected hosts or the severity (parasitemia) of infection; both indices have been used. Considerable attention has been given to questions concerning relative resistance of prospective hosts to infections with trypanosomes. Classical examples include (i) the complete natural resistance (nonpermissiveness) of rats to infections with Trypanosoma vivax (sheep, goats, and cattle are natural hosts) and of mice to T. lewisi (rat is the natural host) (13, 21) and (ii) the phenomenon of trypanotolerance in domestic African cattle, among which certain breeds are able to control T. congolense infections while other breeds are not (27, 32) . It is far from clear, at present, what mechanisms are operative either in total resistance to infection of nonpermissive prospective hosts or in permissive, but relatively resistant, hosts. The only acceptable generalization is the conclusion that known immune mechanisms probably play no role in nonpermissiveness whereas both nonimmunological and immunological processes are involved in the variations in survival and severity of infections observed in permissive hosts.
Relative resistance of strains of inbred mice to infections with African trypanosomes has been studied by a number of investigators (7, 10, 16, 18, 20, 25, 26, 29, (30) (31) (32) 41) . The index of resistance frequently used is the relative degree of parasitemia; however, the duration of survival after infection also has been considered as the index (10, 16) . A strong reason for using the latter index is the evidence that survival is not directly related to humoral antibody generated against accessible epitopes of variable surface glycoproteins; in other words, humoral antibody production against variable * Corresponding author.
surface glycoproteins is not directly linked to host resistance (31) .
Analyses of relative resistance of murine strains to African trypanosomes, using either parasitemia or survival as the index, have revealed that strains such as C3H and A/J are among the most susceptible. Strains C57BL/6, C57BL/10, and B10.BR are much more resistant. It is clear, also, that relative resistance is not determined primarily by the H-2 haplotype.
We have reported that strains of mice vary in resistance (magnitude or severity of parasitemia) to infections with T. musculi (2) . Relatively resistant and susceptible strains are the same as for African trypanosome infections; e.g., the magnitude of parasitemia in C3H mice is about 10-fold greater than in C57BL/6 mice. In this report, we describe the results of studies intended to provide deeper insight into understanding the causes of the differential susceptibility to T. musculi infections in C3H and C57BL/6 strains of mice. We conclude that parameters in addition to humoral antibody production control the magnitude of parasitemia, parameters that include functions of effector cells, some of which probably are operative in murine natural resistance (nonpermissiveness), e.g., toward T. lewisi infections (12 Spontaneous and antibody-facilitated elimination of T. musculi. The methods for labeling T. musculi with 75Se and following the course of elimination from the bloodstream and uptake in tissues were patterned after those used by other investigators (11, 22, 23) . We have reported the methods for studying elimination of T. musculi by young adult and aged mice (6 IL-2 assay. Spleen cells collected from normal or T. musculi-infected mice were placed in culture in RPMI 1640 medium fortified with 10% fetal bovine serum, 2-mercaptoethanol, glutamine, and gentamicin. Spleen cells (5 x 106/ml) were exposed to an optimum concentration of concanavalin A (6 ,ug/ml, Sigma Chemical Co., St. Louis, Mo.) for 24 h in a CO2 incubator at 37°C. The cultures were terminated and the culture medium was harvested. The amounts of interleukin-2 (IL-2) present in samples of medium were determined by measuring growth of the IL-2-dependent cell line CT-6 (15) . For the assay, logarithmic phase CT-6 cells were washed twice and suspended in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2-mercaptoethanol, glutamine, and gentamicin. 
RESULTS
The profiles of T. musculi infection, as reflected by parasitemia, in parental C3H, BL/6, and F, hybrid mice are shown in Fig. 1 . The maximum parasitemia in C3H mice was approximately 10-fold greater, and the duration of relatively high parasitemia was significantly longer, in C3H mice than in BL/6 or F1 hybrid mice. Parasitemia in F1 hybrids was intermediate between that in the parental strains: about twofold greater than in the BL/6 and about fivefold less than in the C3H parental strains.
The effects of 400 rads of ionizing radiation on the course of T. musculi infections in C3H, BL/6, and F1 hybrid mice are presented in Fig. 2 . All C3H mice died of overwhelming infection within 9 days. In contrast, the radiation did not influence the maximum parasitemia in BL/6 mice nor did any of these mice die of infection. However, the duration of infection was significantly prolonged (from about 18 to about 34 days) in irradiated BL/6 mice. The effects of 400 rads on F1 hybrid mice were intermediate between those on the parental strains: the maximum parasitemia increased nearly eightfold; however, none of the mice died. The duration of infection increased from about 20 days in normal to about 40 days in irradiated F1 hybrids. There are several reports which suggest that phagocytic cells of the RES play a role in the elimination of T. musculi infections (14, 33, 37) . Therefore, we examined the effects on the course of infections of two agents known to block phagocytosis. Figure 3 shows the influence of TB injections prior to trypanosome inoculation and during the course of infection. All C3H mice died of overwhelming infection in <12 days after inoculation. In contrast, the maximum parasitemia in TB-treated BL/6 mice was no different from that in normal mice, and none of the treated mice died of infection. The maximum level of parasitemia persisted, with only a slight decline, until the TB treatment was discontinued; thereafter, rapid parasite elimination occurred.
We have reported previously that SD treatment of BL/6 mice had no effect on the maximum level of parasitemia but resulted in a threefold increase in parasitemia in hybrid mice (2) . Figure 4 depicts the effects on T. musculi infections of combined exposure of mice to SD and 400 rads of radiation.
As expected, the number of trypanosomes increased unabated in C3H mice, and all of these mice died of overwhelming infections in <10 days. In BL/6 mice, the combined treatment caused a significant, sixfold rise in maximum parasitemia and a prolonged plateau in the mean parasitemia, during which time approximately 50% of the mice died. Those that survived eventually cleared their infections. Similarly, the combined treatment of F1 mice resulted in an approximately sixfold increase in maximum parasitemia and a prolonged course of infection, terminating eventually in the death of all of these mice.
Because the results described above suggested that the C3H and BL/6 strains of mice probably differed in ability to generate humoral antibodies against T. musculi, we performed two types of experiments. First, we compared the chronological appearance of antibodies of different isotypes against T. musculi antigens during the course of infections. Second, we compared the potential of mice of the two strains to generate protective antibodies against T. musculi 2 days after these mice had eliminated primary infections. Figure 5 depicts the relative concentrations of antibodies of five different isotypes at intervals during infections of BL/6 and C3H mice. Among antibodies in the immunoglobulin G (IgG) class, those of isotypes IgG2b and IgG3 appeared earliest and increased most rapidly in relative concentration in both strains of mice; there was an obvious difference between the two strains in the sudden increase in concentration of antibodies of these isotypes between days 4 and 7 of infection of BL/6, but not C3H, mice. In C3H mice, there was a gradual, but definitive increase in isotypes IgGl and IgG2a, whereas in BL/6 mice antibodies of these isotypes appeared to increase only moderately by day 30 following inoculation. Another obvious difference between the two strains was in the appearance of antibodies of the IgM class. There was a significant increase in relative IgM antibody concentrations by day 5 of infection in BL/6 mice but no rise until after day 8 in C3H mice. The relative concentration of IgM antibodies rose steadily between days 3 and 14 in BL/6 mice. In contrast, in C3H mice the relative IgM level increased between days 8 and 11 and declined slightly thereafter until day 30 postinoculation. Figure 6 illustrates the relative potential of spleen cells, derived from BL/6 and C3H mice 2 days after these mice cleared T. musculi infections, to confer protection against T. musculi infections on irradiated syngeneic recipients. Graded numbers of spleen cells from postinfection C3H donors were infused into C3H recipients; similarly, BL/6 spleen cells were transferred to irradiated BL/6 recipients. It was quite apparent that the cells of BL/6 donors were much more effective in providing protection to irradiated recipients than were cells of C3H donors.
The Kupffer cells of the liver play a major role in the elimination of infections of both African (11, 22, 23) and rodent (6) trypanosomes. We considered the possibility that the difference in relative resistance of BL/6 and C3H mice to T. musculi might reflect differences in either spontaneous or antibody-facilitated uptake of trypanosomes by the Kupffer cells. The data presented in Table 1 indicate that this is unlikely. The ability of normal C3H mice to clear a bolus of 75Se-labeled T. musculi and that of normal C3H mice infused with serum taken from other C3H mice on day 7 or 12 of infection were compared. Clearance of labeled parasites from the bloodstream and uptake by the liver, spleen, and kidneys were analyzed. Sera from mice on day 7 of infection lacked facilitating antibodies, whereas sera taken on day 12 of infection promoted T. musculi elimination. Similar results were obtained in the case of BL/6 mice provided with sera taken from other BL/6 mice on days 7 and 12 of infection. The major points to be noted in Table 1 facilitating trypanosome clearance than those from C3H mice. It has been established that certain trypanosome infections result in severe inhibition of the production of IL-2 by splenic T cells (17, 36) , but whether this is true of rodent trypanosomes has not been reported. Considering the possibility that a significant difference in the degree of inhibition of IL-2 production could account for at least part of the difference in resistance of BL/6 and C3H mice to T. musculi, it seemed worthwhile to find out whether there was such a difference. The ability of spleen cells, collected from the two strains of mice on day 9 of infection, to generate IL-2 in response to concanavalin A stimulation was assessed. In the case of both strains of infected mice, the amount of IL-2 produced was below the level of detectability by the procedure used. Under identical conditions, the same numbers of spleen cells of normal C3H mice generated 8.5 half-maximal units/ml of medium, while spleen cells of BL/6 mice generated 3.0 half-maximal units/ml of medium.
DISCUSSION
The experiments and results we have presented suggest that two general processes, at least, are involved in the control of T. musculi infections and that the efficiency of these processes varies among strains of mice. As shown previously (2), and extended here, BL/6 is the most resistant strain and C3H is one of the most susceptible. What are the processes that account for the interstrain differences in relative resistance? One of them, clearly, is an antibodymediated process, while the other probably does not involve acquired immunity.
Evidence that humoral antibodies against T. musculi account, in part, for the greater resistance of BL/6 relative to C3H mice was indicated by (i) the differential effects of 400 rads of ionizing radiation; (ii) the differential chronology in appearance of antibodies of various isotypes during the course of T. musculi infection; and (iii) the much greater ability of BL/6 (versus C3H) spleen cells collected 2 days postinfection to confer protection against T. musculi infection on irradiated syngeneic recipients. A role for a second nonimmunological process was evidenced by (i) the effects of RES blocking agents, TB and SD, which rendered the C3H mice incapable of controlling the infection but did not influence the control of the maximum parasitemia, or the survival, of BL/6 mice; and (ii) the influence of the combined treatment of BL/6 mice with 400 rads of radiation and SD, which resulted in loss of ability to control maximum para- sitemia, greatly prolonged duration of infection, and death of about half of the infected mice.
Exposure of mice to 400 rads of radiation is sufficient to inactivate >99% of the humoral antibody-forming potential toward typical antigens such as sheep erythrocytes and bacteria (24) . Radiation rendered C3H mice incapable of controlling T. musculi infection and resulted in their death from overwhelming infection. In contrast, the initial control of infection (judged by maximum parasitemia) was unaffected by exposure of BL/6 mice to 400 rads. However, although the maximum parasitemia was not affected, the duration of the infection was approximately doubled. If the difference between BL/6 and C3H mice lay simply in the ability to generate humoral antibodies, it would be expected that both the maximum level of parasitemia and the duration of infection would be affected in BL/6 mice. That was true in the F1 hybrids. These results imply that the initial control of growth of T. musculi is a function that does not involve antibodies or classical acquired immunity and that C3H and BL/6 mice are quite different in capacity to perform that function. On the other hand, the duration of the infection probably is controlled by the quantity and quality of humoral antibodies generated against key antigens.
Mice of strain BL/6 clearly are superior to C3H mice in the ability to generate protective antibodies against T. musculi during the course of infection. This conclusion is based on comparing the protection conferred adoptively on irradiated recipients by spleen cells collected 2 days after clearance of an initial infection of the donor mice. Furthermore, the quality of the antibodies produced in BL/6 and C3H mice during infection differed; BL/6 mice produced antibodies of the IgM, IgG2b, and IgG3 isotypes several days sooner than did C3H mice. Other investigators have detected IgM antibodies several days earlier in relatively resistant (B10.BR and C57BL/6) versus susceptible (C3H) mice during the first wave of parasitemia of African trypanosomiasis (20, 30) ; they have concluded that this difference accounts for the ability of the resistant mice to control the first wave of parasitemia. The explanation for the interstrain difference in IgM response to the African trypanosomes is unclear but may be due to a more intense immunosuppression of the Profiles of T. musculi infections in male (0) C57BL/6, ( O) F1 hybrid, and (0) C3H mice exposed to both 400 rads of radiation and SD injections. D, All mice dead. All C3H mice were dead by day 10 and all hybrid mice were dead by day 28 of infection. Some 50% of the C57BL/6 mice died by day 28 of injection; the remaining half of C57BL/6 mice eventually recovered. Explanation of numbers in parentheses is given in legend to Fig. 3. response to surface epitopes of variable surface glycoproteins in C3H mice (10, 31) .
The initial maximum level of parasitemia in C3H mice was >10-fold greater than in BL/6 mice. We have searched for trivial reasons for this interstrain difference, such as unequal adherence of the trypanosomes to vascular endothelium or differential partitioning of the trypanosomes between the bloodstream and peritoneal space. To test the former possibility, we injected infected C3H and BL/6 mice with norepinephrine, which has been shown to mobilize sequestered T. lewisi in rats (9) ; there was no difference in the effects of this treatment on trypanosomes in the two strains of mice and no evidence for differential trypanosome-endothelial cell adherence (J. W. Albright and J. F. Albright, unpublished data). Direct counts of the trypanosomes in the bloodstream and peritoneal space provided no evidence for differential partitioning of parasites in these compartments in the two strains before mid-plateau phase, at least (Albright and Albright, unpublished data).
The differential effects of treating the two strains of mice with TB and SD (2) on the initial level of parasitemia were pronounced. This result strongly implies a quantitative or qualitative difference in TB-or SD-sensitive effector cells in the two strains of mice. Treatment with either agent destroyed the ability of C3H mice to control the initial course of infection, while BL/6 mice were unaffected in this respect. Only after combined treatment with 400 rads of radiation and SD was there a defect in the capability of BL/6 mice to control the initial infection. These results raise two interesting questions: (i) what is the nature of the putative effector cells? and (ii) is the function of the effector cells antibody dependent even in this early phase of T. musculi infection? As mentioned above, a major process in the elimination of trypanosome infections is antibody-facilitated uptake and destruction by Kupffer cells of the liver (6, 11, 22, 23) . There is also a significant spontaneous (i.e., not antibody facilitated) uptake of trypanosomes by the liver (see Table 1 for an example). Are the effector cells Kupffer cells? This is not likely, as indicated by the data in Table 1 . There was no significant difference between the two strains of mice in either the spontaneous or the antibody-facilitated (serum from day 12-infected mice) uptake of T. musculi by the liver. At the moment, we have no outstanding candidate for the effector cell that might distinguish the ability of BL/6 mice to control the T. musculi infections. Several TB-or SD-sensitive phagocytic cells are reasonable possibilities, e.g., macrophages, granulocytes, or splenic marginal, red pulp macrophages (19, 28) .
With regard to the question of whether or not the initial control of infection in BL/6 mice involves antibodies, the answer appears to be negative. Inactivation of either antibody production or effector cells did not alter the ability of BL/6 mice to control the magnitude of infection, yet inactivation of either caused a marked increase in the duration of infection due to disruption of the antibody-dependent, effector cell-mediated mechanism responsible for cure of infections. There is good evidence that the latter mechanism involves liver Kupffer cells and antibody of the IgG2a isotype (6, 39, 40) . Thus, the antibody-dependent curative process was inactivated by interfering with either antibody production or effector cell function. The same should hold for an antibody-dependent mechanism controlling the initial growth of the trypanosomes. Two additional points can be made against the idea that the control of initial maximum parasitemia in BL/6 mice is an antibody-dependent event. First, there was no antibody in the blood of either strain of mice on day 7 of infection that facilitated Kupffer cell uptake of T. musculi, suggesting the absence of antibodies capable of promoting effector cell functions (Table 1) . Second, infected BL/6 mice did contain (Fig. 5) antibodies of the IgM class before the end of the phase of exponential growth of the parasites (Fig. 2 and 3) . However, it has been demonstrated (8) that athymic (nu/nu) mice can control the initial growth of T. musculi in the absence of antibodies except those of the IgM class generated against T-independent antigens of the trypanosomes.
If the postulated effector cell that limits the initial growth of T. musculi in BL/6 mice belongs to the RES as might be anticipated, it is puzzling that neither TB nor SD appears to affect it. Is there an alternate mechanism or system that might be invoked to explain the relative resistance of BL/6 mice? Two possibilities have been considered. First, it is conceivable that an interstrain difference in concentration or activity of the complement system might be responsible. However, the complement system in C3H mice appears to be at least as effective as it is in BL/6 mice (35). Second, an interstrain difference in the availability of nutritional factors that the parasites must acquire from the murine hosts is possible. The most likely prospect would be a difference in the supply of purines which the trypanosomes cannot syn- thesize for themselves. This explanation seems ruled out by the results of previous studies (2, 4) .
We conclude that the relatively resistant BL/6 mice possess a type of effector cell that is quantitatively deficient in the susceptible C3H mice. The action of such cells results in limiting the initial growth of T. musculi in both strains of mice but is much less effective in C3H mice. In addition, the generation of antibodies against key T. musculi antigens (accessible epitopes of the surface glycoprotein?) is delayed in C3H compared with BL/6 mice. The explanation for the dealy in appearance of antibody in C3H mice is uncertain. Our data indicate that it cannot be attributed to a greater, trypanosome-mediated inhibition of IL-2 production in C3H than in BL/6 mice. This combination of deficient effector cells and delayed appearance of antibodies results in unchecked T. musculi growth to reach fatal numbers in C3H mice that have been treated with TB or SD or exposed to 400 rads of ionizing radiation. Either treatment alone has no effect on the ability of BL/6 mice to restrict initial T. musculi LITERATURE CITED
